We examine two recently proposed models of charge ordering ͑CO͒ in the nominally 1 4 -filled, quasi-onedimensional ͑1D͒ organic charge-transfer solids ͑CTS͒. The two models are characterized by site charge density ''cartoons'' . . . 1010 . . . and . . . 1100 . . . , respectively. We use the Peierls-extended Hubbard model to incorporate both electron-electron (e-e) and electron-phonon (e-ph) interactions. We first compare the results, for the purely electronic Hamiltonian, of exact many-body calculations with those of Hartree-Fock ͑HF͒ mean-field theory. We find that HF gives qualitatively and quantitatively incorrect values for the critical nearest-neighbor Coulomb repulsion (V c ) necessary for . 
I. INTRODUCTION
Recent experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] showing clear evidence for the existence of charge order ͑CO͒ in several 2:1 cationic organic charge-transfer solids ͑CTS͒ have stimulated considerable theoretical interest. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] As these materials are nominally 1 4 -filled ͑one electron or hole per two sites͒ and involve electron-electron (e-e) interactions ͑including nearestneighbor Coulomb repulsion V), the apparently obvious charge ordering in the quasi-1D ͑one-dimensional͒ CTS systems is the Wigner crystallike '' . . . 1010 . . . '' state, and numerous theoretical 20, 26 and experimental 5, [12] [13] [14] [15] [16] studies have argued for this possibility. The site occupancies ''1'' and ''0'' actually correspond to 0.5ϩ⑀ and 0.5Ϫ⑀, respectively, with being ⑀ an important measurable quantity. The . . . 1010 . . . CO corresponds to a 4k F CDW ͑charge-density wave͒ ͑spa-tial period 2͒, where k F ϭ/2a is the Fermi wave vector in the absence of Coulomb interactions, with a being the lattice constant. On the other hand, in previous work we [17] [18] [19] and others [22] [23] [24] [25] have shown that for realistic values of V and when electron-phonon (e-ph) interactions are included, a '' . . . 1100 . . . '' charge ordering can become the ground state, and, importantly, that this CO state can explain the ''mysterious'' states observed in several CTS, [1] [2] [3] in which coexisting charge and spin-density waves of the same periodicity occur. The . . . 1100 . . . CO corresponds to a 2k F CDW ͑spatial period 4͒ and has a cooperative coexistence with the 2k F bond-order wave ͑BOW͒ or a mixed 2k F ϩ4k F BOW, which is why we termed it a ''bond-chargedensity wave'' ͑BCDW͒. [17] [18] [19] In the present paper, we examine critically the theoretical and experimental evidence for each of these two possible charge orderings in the quasi-1D organic CTS. Before proceeding to our analysis, it is useful to formulate in a precise manner several key questions related to the charge ordering in the organic CTS. We focus here on four such questions.
First, the . . . 1010 . . . CO ground state requires both strong on-site Coulomb repulsion (Uӷt 0 within the extended Hubbard model͒ and nearest-neighbor Coulomb repulsion (V within the extended Hubbard model͒ to be greater than a critical value, V c (U). For any comparison to real materials determining the correct value V c (U) is essential. Both Hartree-Fock ͑HF͒ and exact many-body methods have been used to estimate V c (U). How reliable are the HF estimates quantitatively, and do they exhibit the correct qualitative trends as U varies?
Second, charge ordering is only one of the phenomena observed in organic CTS. At lower temperatures, broken symmetry states involving spin ordering-spin-Peierls ͑SP͒ and spin-density wave ͑SDW͒ states-are typically observed, to say nothing of superconductivity. Many of the quasi-1D CTS materials that show CO also feature SP ground states at low temperature. Our previous work [17] [18] [19] establishing the BCDW state proves that the 1100 CO is consistent with SP. To our knowledge, none of the theoretical studies proposing the existence of . . . 1010 . . . CO 20, 26 has investigated whether a SP phase can occur within the . . . 1010 . . . . CDW at lower temperatures. Indeed, an early quantum Monte Carlo study 27 can be taken to suggest that a SP phase could not coexist with the . . . 1010 . . . CDW. Is 1010 CO consistent with a SP phase at low temperatures, and if so, under what conditions?
Third, any successful theory of charge ordering within the organic CTS must explain not only the mechanism and pattern for CO, but also the temperature scale at which it occurs. In particular, any complete theory of CO in these materials must be able to explain the existence of different temperatures for the metal-insulator ͑MI͒, CO, and SP transitions. In Sec. V we compare our theoretical results with experimental data on a wide variety of CTS, both cationic and anionic. These comparisons establish that in both the anionic 1:2 CTS and the (TMTSF) 2 X, the dominant CO pattern appears to be . . . 1100 . . . , which in the latter case coexists with a SDW ͑because of two-dimensional effects 19 ͒ rather than a SP phase. For the (TMTTF) 2 X CTS, the situation appears less certain. We propose specific experiments to distinguish definitively between the two different CO patterns. Finally, in Sec. VI, we summarize our results and list some open problems for future research.
II. THE 1D EXTENDED HUBBARD HAMILTONIAN
We first consider the 1D extended Hubbard Hamiltonian HϭH 0 ϩH ee , ͑1a͒
In the above, j is a site index, n j ϭn j,↑ ϩn j,↓ , and is spin. We focus on the 1 4 -filled case, with the average number of electrons ͑or holes͒ per site, ϭ 1 2 . In addition to the purely electronic terms in Eq. ͑1͒, we will also consider e-ph couplings explicitly in Sec. III.
That for U→ϱ there exists a critical value (V c ) of V for the appearance of the 4k F CDW ( . . . 1010 . . . ) within the 1 4 -filled 1D ''pure'' extended Hubbard model in Eq. ͑1͒ has been known for decades, 28 and several detailed studies of V c for finite U have appeared in recent years. [29] [30] [31] Nonetheless, it appears that the implications of these theoretical results have been insufficiently appreciated in the recent literature on organic CTS. Thus, we believe these results and the underlying arguments bear revisiting briefly here. In the limit U→ϱ, the 32, 33 which in the presence of V can be mapped using a JordanWigner transformation to the Heisenberg XXZ chain. This rigorous mapping and the exact solution for the XXZ model establish that for VϾ2t 0 , the system is in the ͑gapped͒ ''Ising-Heisenberg'' phase, which in terms of the original electronic model corresponds to the 4k F CDW order . . . 1010 . . . For VϽ2t 0 , the spin system is in the ''Heisenberg-XY '' phase and there is no gap, which in the pure extended Hubbard model corresponds to a Luttinger liquid with no charge order. Hence for U→ϱ, the critical value of V is V c (ϱ)ϭ2t 0 . For finite U, the value of V c has been calculated ͑i͒ within strong-coupling perturbation theory around U→ϱ, where a second-order calculation yields 30 V c (U)Ӎ2tϩ2t 2 /(UϪ4t) ϩ•••; ͑ii͒ within strong-coupling theory in the limit V →ϱ, where a similar second-order calculation shows 29, 30 that for finite V the 4k F CDW phase boundary occurs at U c (V)Ӎ4tϩ(8t 3 /V 2 )ϩ•••; and ͑iii͒ for intermediate values of U and V by both exact diagonalization 29 and quantum Monte Carlo methods. 30, 31 In Fig. 1 we show the resulting boundary of the 4k F CDW phase in the U, V plane; in this figure, the solid and dashed curves represent the two strongcoupling expansions and the points with error bars represent our new determination of the boundary at intermediate coupling using a quantum Monte Carlo approach described in Ref. 31 .
The relevance of presenting the true phase boundary in the U, V plane ͑as determined by accurate many-body methods͒ becomes clear when one considers the results obtained in a number of recent studies of the Hubbard model using mean-field approximations. 20, 22, 23 Using the HF approximation for the U interaction, and Hartree for the V interaction, as is done in Refs. 20, leads to drastically reduced values of V c compared to the true results: for Uϭ5t 0 , the mean field V c MF ϭ0.4t 0 , 20 as compared to V c ϭ(3.15Ϯ0.07)t 0 expected from Fig. 1 . In Fig. 2 , we present results for our own unrestricted HF calculations on finite-size lattices. In these calculations, both U and V interactions were treated within the full HF approximation, and no assumptions are made about the periodicity of the solution. The value of V c is readily determined by the point at which ⌬n, the difference between charge densities on adjacent sites, becomes nonzero ͓see 
III. CHARGE AND SPIN ORDER INCLUDING PHONONS IN 1D
To answer the second question posed in the Introduction, we explore systematically the quantitative effects of adding e-ph interactions to the extended Hubbard model in Eq. ͑1͒, resulting in a ''Peierls-extended Hubbard'' ͑PEH͒ model. Our results establish that an SP transition can occur within the . . . 1010 . . . CO state and clarify the regions of e-ph parameter space, in which the two competing forms of charge order exist. Our PEH model follows from replacing the one-electron part H 0 in Eq. ͑1͒ by
In the above ⌬ j ϭu jϩ1 Ϫu j , where u j is the displacement of the jth atom from equilibrium. The amplitude of the internal molecular vibration is given by v j . ␣ and ␤ are the intersite and intrasite e-ph coupling constants, respectively, and K 1 and K 2 are the corresponding spring constants. The kineticenergy operator B j, jϩ1, ϭc jϩ1, † c j, ϩc j † c jϩ1, . We determine ͑numerically͒ self-consistent ground-state solutions for the above PEH model as functions of the parameters, measuring charge density ͗n j ͘ and bond order ͚͗ B j, jϩ1, ͘.
We start with a summary of previous relevant results [17] [18] [19] 24, 25 concerning the SP transition in the 1 4 -filled band. These prior investigations have established that for V ϽV c and for nonzero ␣ or ␤ ͑or both͒, the dominant broken symmetry below the metal insulator, but above the insulatorinsulator SP transition is the dimerized 4k F BOW with uniform site charges ͓Fig. 3͑a͔͒. The SP transition here is a second dimerization of the dimerized lattice, leading to the BCDW state, which can be considered as a superposition of the 2k F and 4k F BOW's, and which is accompanied by the . . . 1100 . . . CO ͓Fig. 3͑b͔͒. VϽV c , [17] [18] [19] or because of including only one, but not simultaneously both of the e-ph couplings ␣ and ␤. 24, 25 In this section, we present new results for the 1 4 -filled band for both VϽV c and VϾV c , including both e-ph couplings ␣ and ␤.
We have performed fully self-consistent exact diagonalizations of finite-sized periodic rings. The self-consistency equations derived from ‫⌬ץ/͘‪͗H‬ץ‬ j ϭ0 and ‫͗ץ‬H͘/‫ץ‬v j ϭ0 are
͑3͒
We present results in terms of dimensionless e-ph couplings ␣ ϭ␣ 2 /(K 1 t 0 ) and ␤ ϭ␤ 2 /(K 2 t 0 ). We have obtained results for systems of sizes Nϭ8, 12, and 16. In Fig. 4 we present a ground-state phase diagram (Nϭ16) in the ␣ Ϫ ␤ plane, showing regions, in which the various broken symmetry states dominate. In all cases, Uϭ8t 0 ; panels ͑a͒, ͑b͒, and ͑c͒ correspond to Vϭ2t 0 , 3t 0 , and 4t 0 , respectively.
Consider Fig. 4͑a͒ with Vϭ2t 0 . Since Uϭ8t 0 , this value of V lies below V c for the infinite system ͑see Fig. 1͒ . For this 16-site system, as we increase ␣ from zero ͑for fixed small ␤ ), there is initially no distortion. For ␣ տ0.7, the ground state becomes the 4k F BOW shown in Fig. 3͑a͒; while the site charge densities remain uniform (nϭ0.5), the bond order is now inhomogeneous and has the form SWSW. For ␣ տ0.9, the BCDW discussed above and depicted in Fig. 3͑b͒ becomes the ground state. Hence the bond-order pattern now is SWЈSW and the charge order has the . . . 1100 . . . pattern. Next consider increasing ␤ from zero at fixed small ␣ . Again the state is initially undistorted, but when ␤ reaches a critical value, the 4k F CDW with . . . 1010 . . . charge order and uniform bond order becomes the ground state. Importantly, we see that a SP distortion does occur within the . . . 1010 . . . charge-ordered region, but the resulting 4k F CDW-SP state ͓shown in Fig. 3͑d͔͒ occurs only for fairly large values of both ␣ and ␤ when Uϭ8t 0 and Vϭ2t 0 , at least for this 16-site system. Finally, we note that in the region labeled unphysical in Fig. 4 the value of ␣ has become so large that self-consistency drives the weakest hopping integral negative, rendering the results unphysical in this context. Panels ͑b͒ and ͑c͒ of Fig. 4 show several important trends as V is increased through and beyond the value of V c (8t 0 ) for an infinite system. First, the sizes of the undistorted, 4k F BOW and BCDW regions decrease considerably with increasing V and move to larger values of ␣ , showing that it takes stronger e-ph coupling to overcome the ''natural'' tendency toward . . . 1010 . . . CO at large V. For the same reason, the sizes of the 4k F CDW and 4k F CDW-SP regions increase considerably with V and occur for smaller values of ␤ . Second, the existence of the 4k F CDW-SP ground state is very robust-V does not appear to suppress this SP order. Third, Fig. 4 illustrates one clear qualitative difference between the two SP phases in this finite-size system. Provided that ␣ is greater than a critical value depending on V " ␣ c (V)…, the BCDW occurs for all ␤ у0. In contrast, the occurrence of the 4k F CDW-SP state requires both ␣ and ␤ to be nonzero. Note, however, that as V is increased, the minimum value of ␤ ͓call it as ␤ c (V)], for which the 4k F CDW-SP state exists decreases rapidly towards zero, while the value of ␣ necessary to produce this phase at ␤ c (V) increases slightly.
These intriguing finite-size results beg the question of what happens to the system in the thermodynamic limit, N →ϱ. Unfortunately, our limited data do not allow us to perform a reliable finite-size scaling analysis, and we can thus provide only tentative, partial answers at this stage. We believe that in the N→ϱ limit the undistorted and 4k F BOW phases disappear; our evidence for this comes from our earlier studies of the BCDW ͑hence for VϽV c ) on long open chains, 34 which showed that the center of these chains distorts naturally into a BCDW, but which showed no sign of a pure 4k F BOW. Similar studies for VϾV c have thus far proven inconclusive, and the N→ϱ behavior in this regime remains an important open question.
Our self-consistent exact diagonalizations give results for site charges, bond orders, and hopping integrals for all the phases, homogeneous, and inhomogeneous. In Fig. 5 we present the actual site charge densities and bond orders for Uϭ8t 0 , Vϭ3t 0 , and ␤ ϭ0.6. This plot corresponds to a vertical ''slice'' through Fig. 4͑b͒ , and shows the 4k F -CDW, 4k F -CDW-SP, and BCDW phases. Several points are suggested by the data in Fig. 5 .
First, in the 4k F CDW-SP state, the sites with smaller charge density are no longer equivalent-there is now ͑as expected from the bond distortion͒ a small charge difference between these two sites. Thus, the 4k F CDW-SP state is characterized by two different bond orders and three different site charges, as opposed to the two different charges and three different bond orders of the BCDW state, which are also seen clearly in Fig. 5 . We shall return to this point momentarily. Second, the quantitative values of the site charge differences ⌬n in the BCDW state are quite small, whereas the ⌬n in the 4k F CDW, and 4k F CDW-SP states are considerably larger. We have not been able to find, in our finite system calculations, any BCDW state with large ⌬n, nor any 4k F CDW, or 4k F CDW-SP states will be small ⌬n. Similarly, the bond-order differences in the BCDW are always quite large, whereas the bond-order differences in the 4k F CDW-SP phase are always quite small. Again, these intriguing results for finite-size systems beg the question of the behavior for N→ϱ, and again we cannot provide definitive statements, because our data are not sufficient to allow a reliable finite-size scaling analysis. One argument suggesting that the large ⌬n may not be an inevitable consequence of the . . . 1010 . . . CO comes from the U→ϱ limit and the mapping to the Heisenberg-Ising model; translating the exact results into fermion language shows that charge difference in the . . . 1010 . . . CO phase is given by ⌬nϳexpϪ͓1/(V Ϫ2t 0 )͔, so that it starts from zero and remains small for a large region of VϾV c ϭ2t 0 . 28 Clearly, further study of these potentially significant differences in the N→ϱ limit is required.
Beyond the quantitative distinctions, however, there is the clear qualitative distinction between the BCDW and the 4k F CDW-SP states: namely, the former always has two different site charges and three different bond orders, whereas the latter has three different site charges and two different bond orders. This qualitative distinction will persist in the large system limit and is, in principle, accessible to experimental techniques sensitive to the local charge or bond-order environment. For instance, if NMR measurements can be made below the spin-Peierls transition temperature T SP in a given CTS, they should be able to distinguish cleanly between the BCDW and the 4k F -CDW-SP states. We will return to this and related points in our comparisons to experiment. is a cooperative BCDW state, CO and bond distortion occurs simultaneously. 19 Thus within the . . . 1100 . . . model ͓see Fig. 6͑b͔͒ , one again expects two transitions, a hightemperature MI transition, followed by a low-temperature combined CO/SP transition.
IV. TEMPERATURE DEPENDENCE OF CO TRANSITIONS

V. INTERPRETATION OF EXPERIMENTS
If detailed comparisons of models to real systems are to be attempted, accurate estimates of the e-e and e-ph parameters are required. Determination of U and V from quantum chemistry calculations is difficult, and in general such calculations give values that are too large. 35 Fortunately, there is by now general agreement on the magnitudes of t 0 in the different materials, and reasonable values of U and V can be estimated from the experiments. We consider primarily materials based on the TCNQ, TMTSF, and TMTTF molecules. It is generally accepted that the values of t 0 in the cationic TMTTF/TMTSF and anionic TCNQ CTS lie between 0.1-0.25 eV. We then agree with previous investigators that U/t 0 in (TMTTF) 2 X ranges from 7-12, 35, 36 and is less than 6 in (TMTSF) 2 36 We note that whether or not VϾV c (U) can be determined from the experimental pattern of the CO, if it is known. On the other hand, given the relatively small U/t 0 in (TMTSF) 2 X, it is unlikely that V ϾV c (U) in this system ͑recalling the additional condition that VϽU/2, based on general considerations of the nature of realistic Coulomb interactions.͒. To summarize, in the quasi-1D materials, we believe that (U/t 0 )
For the e-ph couplings, the dimensionless coupling constants ␣ 2 /K 1 t 0 and ␤/K 2 t 0 are even more difficult to estimate. [41] [42] [43] For our overall purposes, it suffices to note that there is an evidence for both nonzero ␣ and ␤. Finally, although in this paper we do not explicitly model the effects of transverse coupling of the 1D chains ͑see Ref. 19 for a quantitative discussion of these effects͒, we shall comment on these higher-dimensional effects in some of the experimental discussion below. In this regard, it is important to recall that the electronic anisotropy and effective e-e interaction strengths can vary independently among the CTS. The relative strength of the e-e interactions is measured by the ratios U/t 0 and V/t 0 , whereas the effective dimensionality is measured by t Ќ /t 0 . These three ratios vary considerably among the materials. In particular, the TMTTF materials are both highly 1D and very strongly correlated, whereas the TMTSF materials are less 1D and also less strongly correlated.
Let us turn now to discuss the experimental situations with individual classes of materials.
A. 1:2 anionic CTS
As mentioned in the Introduction, a complete understanding of the CO phenomenon in the 1 4 -filled band CTS requires that both cationic and anionic CTS be examined on the same footing. The anionic CTS are much older, and many different contradictory claims exist in the literature. We therefore focus only on the materials MEM(TCNQ) 2 , TEA(TCNQ) 2 , (DMe-DCNQI) 2 Ag, and (DI-DCNQI) 2 Ag for which clear evidence for CO has been found.
The most direct evidence for the . . . 1100 . . . CO has been found in MEM(TCNQ) 2 and TEA(TCNQ) 2 . Careful neutron diffraction study of deuterated MEM(TCNQ) 2 below T SP has clearly established the SWЈSW bond distortion pattern associated with the . . . 1100 . . . BCDW. 44 Similarly, x-ray [45] [46] [47] [48] and neutron 49 measurements have established both the SWЈSW bond distortion and the . . . 1100 . . . CO in TEA(TCNQ) 2 at low temperatures. The (DI-DCNQI) 2 Ag system was originally claimed to show the . . . 1010 . . . CO from NMR experiments. 5 It was pointed out by the present authors that some of the experimental results perhaps indicated the . . . 1100 . . . order. 6 X-ray measurements on the structurally related (DMe-DCNQI) 2 Ag found 50 both 4k F and 2k F reflections and also clearly indicated the 4k F phase to be a BOW. This would again indicate the . . . 1100 . . . CO to be in the 2k F phase. 50 The results of the same measurements were less clear with (DI-DCNQI) 2 Ag and it was suggested that while the 4k F order in (DMe-DCNQI) 2 Ag was a BOW, it was a CDW in (DI-DCNQI) 2 Ag. 50 The occurrence of different kinds of orders in these structurally related materials, though not impossible, would have been rather mysterious. This problem has been recently resolved by Menghetti and collaborators:
51 from detailed analysis of temperaturedependent vibronic and vibrational infrared absorptions in (DI-DCNQI) 2 Ag these authors have shown that the lowtemperature phase in this material is a 2k F bond tetramerized phase with the . . . 1100 . . . CO pattern.
To conclude, the CO in all 1:2 anionic CTS for which detailed experimental data are available shows the . . . 1100 . . . pattern.
B. "TMTSF… 2 X
There is a strong evidence for the . . . 1100 . . . CO in this class of materials, as we now discuss. First, we have pointed out in the above that U/t 0 and V/t 0 in TMTSF are where we demonstrated that for small but nonzero interchain coupling the proper description of the ground state is a bondcharge-spin-density wave ͑BCSDW͒, with the CO being . . . 1100 . . .
Nad et al. have found evidence for CO in various (TMTTF) 2 X materials from dielectric permittivity studies. [12] [13] [14] [15] Observation of ferroelectric behavior 15 suggests removal of all symmetry elements, and based upon this it has been suggested that the CO pattern here is of the . . . 1010 . . . type 15, 52 and is accompanied by anion motion. Independent and direct verifications of CO in XϭPF 6 and AsF 6 have come from NMR studies. 11 However, while the presence of some form of CO in (TMTTF) 2 X is undisputed, we believe there is not yet enough evidence to say definitively whether the pattern of CO is . . . 1010 . . . or . . . 1100 . . . Below we list the problems associated with both the . . . 1010 . . . and . . . 1100 . . . CO scenarios in the (TMTTF) 2 X and suggest a plausible resolution. As discussed in Sec. IV, for the . . . 1010 . . . CO one expects that T CO ϭT MI , which would mean that the (TMTTF) 2 X CTS would be CO insulators at room temperature. However, for XϭPF 6 and AsF 6 , T CO ϳ65 K and 100 K, respectively, 11 which are much lower than T MI . Further, recent NMR experiments on XϭAsF 6 under pressure also find that the CO is very sensitive to pressure and is suppressed for pressures greater than 0.15 GPa. 53 If the CO in (TMTTF) 2 X is of the . . . 1010 . . . pattern and hence driven by large V, one would expect that increased t Ќ /t 0 from the application of pressure would have little effect on the CO.
There exist similar problems with the . . . 1100 . . . . CO scenario also. To begin with, the . . . 1100 . . . CO within our theory should occur only at T SP , but T CO is much larger than T SP in the (TMTTF) 2 X. Similarly, NMR experiments lead to estimates of a lower limit of 0.5 for ⌬n, 53 which is much larger than the ⌬n we find in our finite-size calculations within the . . . 1100 . . . phase.
A possible resolution to the above is that the highertemperature CO found in (TMTTF) 2 X is indeed . . . 1010 . . . , while the lower-temperature SP state has . . . 1100 . . . CO. Transitions at finite temperature are determined not by the ground-state energy but by the free energy.
At temperatures TрT MI , the excitations of a strongly correlated system are predominantly spin excitations. Because of the greater multiplicities of high-spin states, the free energy at high T ͑but below T MI ) is then dominated by high-spin states. Consider now the fully ferromagnetic state, which is clearly described within the spinless fermion Hamiltonian limit of Eq. ͑1͒. Thus V c in this state remains 2t 0 even for finite U and is smaller than the V c for the ground state with total spin Sϭ0. For similar reasons we expect for finite U, V c to increase progressively as the total spin S decreases. Therefore, for a system in which V is slightly lower than V c (Sϭ0) but higher than V c (SϭS max ) we see that at high temperatures, where high-spin excitations are thermally accessible, the CO pattern can be . . . 1010 . . . At lower temperatures where the high-spin states become thermally inaccessible and the free energy is dominated by low-spin states there can be a switching to the . . . 1100 . . . CO. We are currently exploring this scenario in detail.
Finally, we suggest two experiments that can settle the issue of CO in (TMTTF) 2 X. First, x-ray or neutron diffraction experiments can probe the actual bond distortions below the SP transition: with sufficient sensitivity, they should be able to distinguish the SWЈSW distortions associated with the . . . 1100 . . . CO from the SSWW distortions associated with the . . . 1010 . . . CO. Second, as shown in Sec. III, we predict three different charges below T SP for the case of the . . . 1010 . . . CO ͑rather than the two charges associated with the . . . 1100 . . . state͒. If NMR experiments can be extended to this temperature region, further splitting of the NMR lines is predicted. Unfortunately, our results also suggest that the charge difference between the two ''0''s is rather small, and an extremely sensitive probe might be necessary to determine the new splitting.
VI. CONCLUSION
Our conclusions can be summarized as follows. First, formation of the Wigner crystallike . . . 1010 . . . CO requires V within the 1D extended Hubbard model that is much larger than that predicted within mean-field theory. Further, meanfield theory predicts the incorrect behavior of V c (U) as a function of U. Accurate many-body calculations show that for finite U, V c (U)Ͼ2͉t 0 ͉ and increases with decreasing U.
Second, we have given a complete theory of the SP transition that can occur in the correlated 1D 1 4 -filled band. The SP phase with the . . . 1100 . . . CO is a BCDW, with two different charges and three different bonds, the bond distortion pattern being SWЈSW. In contrast, the SP phase in the . . . 1010 . . . CO has two kinds of bonds and three distinct charges; the bond distortion pattern here is SSWW, and this distortion makes the charges on the sites labeled ''0'' unequal. Several distinct types of experiments have confirmed the existence of two kinds of charges and three kinds of bonds in a number of 1:2 anionic CTS. In (TMTSF) 2 X, experiments find coexisting CDW and SDW with the same periodicity, which as discussed above precludes the . . . 1010 . . . CO. The situation in the (TMTTF) 2 X is less clear, as experiments showing the existence of CO do not directly measure the specific CO pattern. We know of no experiments to date that have confirmed the existence of the three types of charges and two types of bonds associated with the SP phase of the . . . 1010 . . . We believe that the NMR and x-ray experiments that could confirm this should have high priority. Third, within the strictly 1D models, the two charge orders predict different scenarios for the temperature dependence of the CO. For the . . . 1100 . . . CO, T MI ϾT CO ϭT SP , whereas for the . . . 1010 . . . CO, T MI ϭT CO ϾT SP . Neither of these results is in agreement with all the experiments, which in general show T MI ϾT CO ϾT SP . We believe that weakly 2D interchain couplings, which explain the transition from CDW-SP to CDW-SDW ground states in some of the materials, 19 may also be the key to understand the ordering of T MI , T CO , and T SP in the different CTS. Support for this belief comes from recent results on the strongly 2D -(BEDT-TTF) 2 X materials, in which T MI occurs simultaneously with T CO , followed by a lowertemperature spin-gap transition. 54, 55 This sequence of transition temperatures, as well as the 2D CO and spin-gap formation, can be understood within a 2D, sixfold coordinated lattice model with dominant . . . 1100 . . . CO order. 56 Fourth, our calculations suggest several problems for further study. Apart from the experiments seeking to confirm a ''three-charge, two bond'' 4k F -CDW-SP state, these include theoretical studies providing a full explanation of the sequence of MI, CO, and SP transitions as the temperature is decreased, an accurate determination of the phase diagram in the e-ph coupling constant plane in the thermodynamic limit, and a quantitative understanding of the role of broken symmetries associated with higher-spin states at finite temperature. We are currently investigating these theoretical issues.
Finally, during preparation of this paper we became aware of the recent work of Shibata et al., 57 who investigated the purely electronic extended Hubbard model in 1D. Although they did not discuss the . . . 1100 . . . charge ordering, their results for V c are completely consistent with ours in Sec. II. They have also shown that dimerization increases V c .
